The oberservation of segregation ratios of sterile and fertile males in offspring samples from backcrossed hybrid females is, in principle, a valid method to unveil the genetic basis of hybrid male sterility in Drosophila. When the female parent is heterozygous (hybrid) for a sterility factor with major effects, equal proportions of fertile and sterile sons are expected in her offspring. However, intact (not recombined) chromosome segments of considerable length are expected to give segregation ratios that can not be easily differentiated from the 1:1 ratio expected from a single factor. When the phenotypic character under analysis can be determined by combinations of minor factors from the donor species spanning a certain chromosome length, very large offspring samples may be needed to test this alternative hypothesis against the null hypothesis of a single major factor. This is particularly the case of hybrid male sterility determinants in Drosophila.
Introduction
In a paper recently published in Heredity, Zeng & Singh (1995) introduced what they claimed to be a general method for identifying major hybrid male sterility genes in Drosophila. Considering the controversy that exists nowadays on the role actually played by such major factors, as compared with minor ones, or polygenes in the determination of hybrid male sterility in Drosophila (Naveira, 1992; Wu & Palopoli, 1994) , the achievement of a method that allows discrimination between both kinds of factors should be welcomed by everyone interested in this matter. Briefly, there are two hypotheses for the genetic basis of hybrid male sterility. One of them postulates that genes responsible for this disturbance have major effects on the phenotype, meaning that each one of them is able to produce sterility by itself when introgressed in the genetic background of the other species (Coyne & Charles-*Correspondence 1996 The Genetical Society of Great Britain. 433 worth, 1989; Orr, 1992; Pantazidis et a!., 1993; Zeng & Singh, 1995) . The other one, that sterility factors are actually polygenes, whose individual effects on the phenotype are, in principle, undetectable, meaning that the introgression of any single one of them is not able to produce sterility by itself; only when several such factors are cointrogressed in the genetic background of the recipient species is sterility produced (Naveira & Fontdevila, 1986 , 1991a Naveira, 1992; Cabot et a!., 1994; Palopoli & Wu, 1994; Perez & Wu, 1995) . The generalized version of this latter hypothesis maintains that those minor factors are very numerous, dispersed all over the chromosomes, probably different in the X and the autosomes, and, most important, are able to interact among themselves to bring about hybrid sterility even when distantly positioned on the chromosome (Naveira & Fontdevila, 1991a; Naveira, 1992; Palopoli & Wu, 1994) . One of the main observations supporting this model is the apparent existence of a threshold in the chromosome length that must be introgressed to produce male sterility: small introgressions do allow fertility, but when those very same small chromosome segments are introgressed together, the resulting hybrid male is sterile (Naveira & Fontdevila, 1991a,b; Naveira, 1992) . It should be clear, then, the importance that the transmission of intact chromosome segments during backcrossing has under this polygenic model. The theoretical distribution of lengths of intact chromosome segments (with reference to the original parental chromosome) has already been worked out (Naveira & Barbadilla, 1992) , and allows one to predict the expected frequencies of individuals bearing introgressed segments with any arbitrary size after any number of generations of backcrossing to a recipient species. In this paper we show that the method introduced by Zeng & Singh (1995) is generally not appropriate to identify major hybrid male sterility genes, unless the sample size, or the threshold size for introgressions leading to sterility, postulated by the rivalling polygenic hypothesis, are relatively large. That method relies on the production of fertile and sterile sons in roughly equal proportions after backcrossing hybrid females.
However, intact chromosome segments of considerable length may give segregation ratios not statistically different from those of a single genetic factor.
Only with very large samples is it possible to discriminate between both alternatives when the intact chromosome segment is only a few map units long. In particular, in the case of the hybrids between Drosophila simulans and D. mauritiana presented by Zeng & Singh to illustrate their method, their results can be shown to be perfectly compatible with the expectations of the polygenic model, if hybrid male sterility is actually being produced by the introgression of at least 5-10 real map units of the X chromosome from mauritiana into simulans, an assumption that is in perfectly good agreement with former results in this respect with these same hybrids (Naveira, 1992) .
Results
Perhaps the best measure we can have of true genetic distance along a chromosome region is m, the average number of crossovers per meiosis in that region. The proportion of meiosis with at least one crossover is one minus the fraction with zero crossovers which, assuming no interference, may be derived from a Poisson distribution of parameter m. Only one-half of the products of those meioses will be recombinants in the region of interest. Hence c = (1-em)/2. As shown by Haldane (1919) Consider an F1 hybrid between two species. This hybrid will be backcrossed to one of the parental species, which we denote as the recipient species, the other one being the donor species. In meiosis in this hybrid, each chromosome is present as two homologues, each one from a different species, and each one consisting of two sister chromatids. Let the length of an arbitrarily chosen chromosome region be m in the scale of crossovers per meiosis (50 m map units in the real map scale), i.e. an average of m crossovers would take place in that chromosome interval per meiosis. If there is not interference, the probability of no crossover in this interval in one generation is given by the Poisson distribution, namely e m Of the four products of this meiosis, only two of them will receive the chromosome interval from the donor parental species (the other two products will receive the homologous chromosome interval from the recipient species). Then, the probability of a gamete receiving an intact chromosome interval would be e _m/2, considering only the contribution from meioses with no crossovers in that interval. By the same rationale, it can be shown that the probability that only one crossover takes place in the region considered, and a resulting gamete receives an intact interval, is given by me _m/4 This is enough for our purposes, because the contribution from meioses with two or more crossovers to the gametic pooi with intact segments is comparatively much smaller. We may conclude, then, that the probability that a gamete from the F1 female receives an intact chromosome interval of 50 in real map units from the donor species is: p = e'77/2+rne"/4.
(1) Table 1 shows these probabilities for a range of chromosome lengths, from 1 to 70 real map units, with its equivalence in centimorgans (cM). Even for the largest of these sizes, which corresponds approximately to the full length of chromosome X in D. melanogaster, a considerable frequency of gametes (21 per cent) is expected to receive the intact chromosome from the donor species. If this is so, it can be anticipated that the discrimination between the segregation ratios for a single heterozygous locus (1:1) and an intact chromosome segment (p:1 -p) will not always be an easy task. The problem, a simple one in hypothesis testing (Sokal & Rohif, 1981, section 7.8) , is illustrated in Fig. 1 . It is our hypothesis that the F1 female is heterozygous for a Mendelian factor, whose segregation determines with complete penetrance an easily observable phenotypic character in the offspring. Let us call this hypothesis H0, the null hypothesis. It means that, on average, half the offspring of the hybrid heterozygous female will receive the donor species allele (p = 0.5n, where n designates the total sample size analysed in the offspring), and thus exhibit the corresponding diagnostic phenotype, If n is sufficienty large ( 30), the binomial distribution, with p = q = 0.5, is approximately N(0.5n, 0.5n°5), as presented in Fig. 1 . Our alternative hypothesis (H1) states that the phenotypic character under analysis (hybrid male sterility, in this case) is determined not by a single gene, but by a combination of genes spanning a chromosome segment of 50 m map units.
Again, the corresponding, binomial distribution is approximately N(np, (npq)°5), where p is given by (1), and q = 1 -p. The power of the test, i.e. the probability of rejecting the null hypothesis when in fact it is false and the alternative hypothesis is correct, corresponds to the area 1-13 in Fig. 1, where /3 designates the probability of type II errors. Obviously, we would like to have 1 -/3 as large as possible, but it falls off sharply as the alternative hypothesis approaches the null hypothesis, as we have tried to illustrate in Fig. 1 . Everyone probably
The Genetical Society of Great Britain, Heredity, 77, 433-43 8. knows that to improve the power of a given test (decrease /3) while keeping the probability of type I errors (; level of significance = 100cc per cent) constant for a stated null hypothesis, the sample size must be increased. In Table2, we show the offspring sample sizes that should be used to reduce the prob-HYBRID MALE STERILITY N DROSOPHILA 435 Entering now into the details of the application of the method introduced by Zeng & Singh (1995) to the hybrids between D. simulans and D. mauritiana, the first thing that should be pointed out is the small size of the offspring samples analysed by these authors (only 16 males, on average). This means that, at least for the first ten backcrosses they report, their results are not useful to decide whether a single major sterility factor, or either a chromosome segment, is bringing about the sterility they observe.
A second consideration is that to pool data from different backcross generations, as they do in their Table 3 , is a highly questionable procedure if the alternative hypothesis to be tested is in any way connected with the size of the introgressed segments, because the distribution of the sizes of these segments changes from one generation to the next. All these comments should be understood not as an attempt to reduce the merits of Zeng & Singh's paper, but to illustrate the difficulties of testing adequately the different hypotheses that may explain the observed data. However, even if all these objections are disregarded, the pooled data offered by Zeng & Sing (370 fertile vs. 348 sterile males) do not differ significantly from those expected under the polygenic hypothesis, if the threshold size of the introgressed segments to produce sterility is 10 map introgressed a single Mendelian factor of hybrid male sterility (hms) from mauritiana into simulans. They mapped such a putative single factor to the X chromosome, quite near (6 cM) the forked locus. Their results in this respect, given in their Table 6 , indicate an extreme asymmetry in the frequencies of the two kinds of recombinant males expected after their mapping crosses (five fertile wild-type males vs. 63 sterile mutants). This is precisely what is expected under the polygenic model, which predicts a difference in the 'apparent' genetic distance to a putative sterility locus (which in fact does not exist) calculated from each of the two alleles of the marker (Maside & Naveira, 1996) , this difference consisting in an excess of the sterile mutant recombinant class, that would be most conspicuous when the threshold size for sterility is small, in terms of the total length of the introgressed chromosome segment.
Discussion and conclusions
The method introduced by Zeng & Singh (1995) for detecting major hybrid male sterility genes, based on the selection of backcross females which produce fertile and sterile sons in approximately equal proportions, is valid in principle. However, extreme caution should be exercised to increase the power of the test of the null hypothesis (a single major gene) against the alternatives (an intact chromosome segment). The first ten generations of the backcrossing protocol are useless for testing these hypotheses, because both the expected average and standard deviation of intact chromosome sizes are too high (about 20 and 10 map units, respectively according to Naveira & Barbadilla, 1992 , Figs 1 and 2 ). The backcrossing protocol should be continued for at least 20 generations to approach limiting functions for those two parameters. From then on, family data from different generations can be pooled to investigate the segregation ratio. However, the total numbers to be used must be very high if the null
hypothesis is going to be tested against an alternative based on small threshold sizes for hybrid sterility. In the case of the hybrids between D. mauritiana and D. simulans, the results of the experiments that produce sterile males by recombining fertile introgressions associated to the loci yellow, white and forked (Naveira, 1992) indicate that the threshold size is not higher than 10 map units. The segregation of an intact introgressed chromosome segment of that size would be rather difficult to differentiate from that of a single major factor of hybrid male clear that it would be nearly impossible to detect major hybrid male sterility factors in the pair mauritiana-simulans (and probably in the pair sechelliasimulans, also) by the analysis of segregation ratios of fertile and sterile sons
